Abstract: Chloride and carbonate salts are the main salts causing salinization and widely exist in aquatic environment, so algae may suffer from salinization stress for high water evaporation. In this study, in order to investigate and compare the toxic effects of the two salts on algal photosynthesis, we used NaCl and Na2CO3 to stress Chlamydomonas reinhardtii. Under the two salt stresses, the content of O
Introduction
Salinization is one of the major environmental factors limiting global crop productivity, because it restricts crop yield particularly in the arid and semi-arid regions (Shannon et al. 1994) . In these regions, salinization and soil degradation occur due to the irrigation water evaporation exceeding precipitation. Salinization occurs not only in the soil, but also in the surface water, vadose water and groundwater mainly caused by high evaporation (Zalidis 1998; Dos Santosa et al. 2004; Yu et al. 2010; Sereda et al. 2011) .
Chloride and carbonate salts, which are the main salts causing salinization, widely exist in aquatic environment. Therefore, algae, the most abundant lower plants living in water, may suffer from salinization stress for high water evaporation. When green alga Dunaliella bioculata is stressed by chronic salt, its ultrastructure is changed severely (Bérubé et al. 1999) . Under NaCl stress, remarkable effects on the molecular structure and function of the photosynthetic apparatus are found in green alga Scenedesmus obliquus (Demetriou et al. 2007) , and the reduction of the maximum quantum yield of photosystem II (PSII) photochemistry (Fv/Fm) is found in D. salina (Liu & Shen, 2006) and cyanobacteria (Tang et al. 2007 ). In cyanobacteria, the PSII mediated transport of electrons from water to DCIP (electron acceptors in PSII) was interfered under NaCl stress (Allakhverdiev et al. 2000) . In addition, NaCl stress can decrease the production of secondary carotenoid astaxanthin in algae (Orosa et al. 2001; Pelah et al. 2004 ), but increase the content of reactive oxygen species (ROS) (Tang et al. 2007; Zhang et al. 2013) , glycerol pool (Goyal 2007) , emission of volatile organic compounds (VOCs) (Zuo et al. 2012a) , and activities and expression levels of antioxidant enzymes (Yoshida et al. 2004; Zhang et al. 2013) . Severe NaCl and KCl stresses even cause programmed cell death (PCD) in the green algae Micrasterias denticulate (Affenzeller et al. 2009 ).
Compared with lots of studies on algae stressed by chloride salt, data on the carbonate stress responses are rather limited. In higher plants, Na 2 CO 3 and NaHCO 3 stresses can inhibit seed germination (Guan et al. 2009 ), seedling growth (Shi & Sheng 2005; Manivannan et al. 2008) , photosynthesis (Yang et al. 2008 , ion absorption (Chen et al. 2009 ) and antioxidant enzyme activity (Manivannan et al. 2008) . In algae, lower dose of NaHCO 3 can promote the photosynthesis as HCO − 3 is the carbon source (Bhatti & Colman 2011; Huege et al. 2011 ), but higher dose of NaHCO 3 and Na 2 CO 3 is harmful due to the high pH and Na + toxic effects. It has been reported that high pH reduces algal photosynthetic ability and pigment content, because it limits dissolved CO 2 -concentration in water (Axelsson et al. 1999; Olischläger et al. 2013) . The depletion of dissolved Effects of NaCl and Na2CO3 stresses 1315 CO 2 can stimulate ROS formation, increase antioxidant enzyme activity (Sültemeyer et al. 1993 ) and even induce PCD (Vardi et al. 1999 ). In our previous study, we found that Na 2 CO 3 stress can increase the emission of VOCs from Chlamydomonas reinhardtii (Zuo et al. 2012a) . Besides that, to the best of our knowledge, there is no report about the effects of carbonate stress on algae, although it widely exists in and even dominates water bodies.
In algae, photosynthesis is the most fundamental biological process which supports algal growth and nutrient uptake, and affects the resistance to biotic and abiotic stresses. In the present study, in order to investigate and compare the toxic effects of neutral and alkaline salt on algal photosynthesis, we used NaCl and Na 2 CO 3 to stress C. reinhardtii, a model organism of single cell, to determine the algal growth, ROS production, as well as changes of photosynthetic pigments and chlorophyll fluorescence, and discussed the effects of oxidative stress induced by the two salts on the process. . Cell cultures in midlogarithmic phase were used for the treatments with NaCl and Na2CO3. The density of cell cultures was determined by using the blood cell counting plate, with each value being the means of 6 repeats.
Material and methods

Cell cultures
Salt stress treatments
During the period of 16 h light/8 h dark, the cells were treated by NaCl and Na2CO3 after lighting for 2 h, so the 24 h treatment period was 14 h light/8 h dark/2 h light. For NaCl treatment, 20 mM, 50 mM, 100 mM and 300 mM NaCl were added into the culture medium, respectively, and the pH value was adjusted to 7.0. For Na2CO3 treatment, 10 mM, 25 mM, 50 mM and 150 mM Na2CO3 were added into the culture medium with the pH value of 7.9, 8.7, 9.8 and 10.5, respectively. The control was without addition of NaCl and Na2CO3. Cell cultures in mid-logarithmic phase were centrifuged at 3,000 g for 5 min, and the cells were resuspended in 25 mL freshly prepared medium with different salt concentration, to give a cell density of 6 × 10 6 cells/mL. Each treatment had 3 repeats.
Determination of living cells
In the treatments with NaCl and Na2CO3, the cells were stained using 0.4% trypan blue. The living cells were not stained by the dye and used to determine the cell density.
Measurement of ROS content For extraction of O
−.
2 , algae pellets centrifuged from 25 mL C. reinhardtii cultures were resuspended with 1 mL of 50 mM buffer solution (BS) which contained 4.6 mM KH2PO4 and 45.4 mM K2HPO4, crushed with a mortar and pestle, and centrifuged at 20,000 g at 4
• C for 25 min in a refrigerated centrifuge. The supernatant was collected for determination of O
2 . The mix solution containing 0.5 mL supernatant, 0.5 mL BS, and 1 mL of 1 mM hydroxylamine hydrochloride was incubated for 1 h at 25
• C. The reaction solution with addition of 1 mL of 17 mM p-aminobenzenesulfonic acid and 1 mL of 7 mM α-naphthylamine was incubated for 20 min at 25
• C. The OD530 was determined and used to calculate the content of O −.
2 (Bors et al. 1977) .
For extraction of H2O2, the algae pellets centrifuged from 25 mL cell suspension were resuspended with 3 mL cold acetone, crushed with a mortar and pestle, and centrifuged at 10,000 g for 10 min at 4
• C in a refrigerated centrifuge. Two mL of distilled water were added into 1 mL supernatant liquor, and the solution was extracted with CCl4 and CHCl3 (3:1). The mix solution was centrifuged at 4,000 g for 1 min, and the upper aqueous phase was used for H2O2 determination at OD560 using xylenol orange (Zuo et al. 2012a ).
Determination of photosynthetic pigment absorption spectrum Cells in 3 mL culture medium (6 mL culture medium under 150 mM Na2CO3 stress) were collected by centrifugation and the pellets were resuspended in 3 mL 80% acetone. After removing of insoluble material in the pigment extracts by centrifugation, pigment absorbance spectrum from 400 nm to 700 nm was scanned with Cary 300 UV-Vis spectrophotometer (Varian, Palo Alto, California, USA). The number of the cells used for extracting photosynthetic pigments was determined, and the pigment absorbance spectrum per 10 6 cells were calculated to compare the difference between treatments.
Fourth derivative analysis of absorption spectra Under 300 mM NaCl and 25 mM, 50 mM and 150 mM Na2CO3 stresses, the pigment absorbance scans from C. reinhardtii extracts were performed 4 th derivative analysis (Smith & Alberte 1994; Aguirre-Gómez et al. 2001 ) to resolve the overlapping peaks of individual pigment spectrum. The composition of pigments was determined according to the list of Rebeiz (2002) .
Measurement of chlorophyll fluorescence
Chlorophyll fluorescence measurement of C. reinhardtii cells was performed with Imaging PAM (Walz, Germany) (Peers et al. 2009 ). About 1×10 7 cells from cell suspensions were collected by centrifugation and resuspended in 10 µL of the same culture medium. The resuspended cells were pipetted on a piece of filter paper and incubated in darkness for 15 min. The minimum fluorescence (Fo) was obtained using weak modulated irradiance (< 1 µmol m −2 s −1 ). A saturating flash (1,500 µmol m −2 s −1 ) was applied to determine the maximum fluorescence (Fm). Fv/Fm was determined as Fm -Fo/Fm (Rohácek 2002) . Then, actinic illumination (204 µmol m −2 s −1 ) was switched on and saturating pulses were applied at 20 s intervals for 5 min in order to determine the maximum fluorescence yield (F m) and the steady-state fluorescence yield (Fs) during the actinic illumination. The actinic light was put out and then the minimal fluorescence level in the light-adapted state (F o) was determined by illuminating the algael cells with far-red light. The coefficient of photochemical quenching (qP) is a measurement of the fraction of open centers, and is based on a pure puddle antenna model and calculated as (F m -Fs)/(F m -F o) (Schreiber et al. 1986 ). Calculation of quenching due to non-photochemical dissipation of absorbed light energy (NPQ) was determined using the equation NPQ = (Fm -F m)/F m (Bilger & Björkman 1991) . The apparent electron Fig. 1 . Cell density of C. reinhardtii stressed by NaCl (A) and Na 2 CO 3 (B). The cells were killed by Na 2 CO 3 stress at 50 mM and 150 mM after 24 h, so the cell density was not determined. CK: The control. *: Significant difference at P < 0.05 level; **: Significant difference at P < 0.01 level. Data are means of three independent experiments ±SE. 2 and H 2 O 2 in C. reinhardtii cells stressed by NaCl (A) and Na 2 CO 3 (B). The cells were killed by Na 2 CO 3 stress at 50 mM and 150 mM after 24 h, so the ROS content was not determined. CK: The control. Data are means of three independent experiments ±SE. transport rate (ETR) through PSII was estimated according to Krall & Edwards (1992) as ETR = (F m -Fs) / F m × PAR × 0.5 × 0.84, where PAR was the photosynthetic available radiation (204 µmol m −2 s −1 ), the factor 0.5 assumes that both PS II and PS I are equally excited by the irradiance, and the factor 0.84 considers that only about 84% of the incident irradiance will be absorbed by photosystems (Ehleringer 1981; Genty et al. 1989 ).
Calculations and statistical analyses
Statistical analyses were performed using SPSS 12.0 (SPSS, Chicago, IL, USA), and one-way ANOVA was used to compare the difference between treatments and the control at P < 0.05 and P < 0.01. The graphs were drawn with Origin 8.0 (Origin Lab, USA). Fig. 3 . Effects of NaCl and Na 2 CO 3 on absorbance spectra of photosynthetic pigments in C. reinhardtii. The cells were killed by Na 2 CO 3 stress at 50 mM and 150 mM after 24 h, so the absorbance spectra were not determined. CK -The control; A, C, E and G -Cells were treated with 20 mM, 50 mM, 100 mM and 300 mM NaCl, respectively; B, D, F and H -Cells were treated with 10 mM, 25 mM, 50 mM and 150 mM Na 2 CO 3 , respectively. Data are means of three independent experiments.
Results
Cell density reduction When C. reinhardtii cells were stressed by 20 mM, 50 mM, 100 mM and 300 mM NaCl for 24 h, the cell density was reduced by 5.38%, 30.85% (P < 0.01), 52.13% (P < 0.01) and 75.06% (P < 0.01), respectively. Some of cells were killed after the 24 h treatment with 300 mM NaCl, as the cell density at this time point was lower than its initial value (Fig. 1A) .
The cell growth was also inhibited by Na 2 CO 3 stress, and all of the cells were killed in the treatments with Na 2 CO 3 at 50 mM and 150 mM for 24 h (Fig. 1B) , suggesting that Na 2 CO 3 was more toxic to the cells than NaCl at the same Na + concentration.
ROS production When C. reinhardtii cells were treated by NaCl at 20 mM, 50 mM, 100 mM and 300 mM, the burst of O
−. 2
was found at 30 min, and its content was increased by 0.43-fold (P < 0.01), 1.87-fold (P < 0.01), 2.05-fold (P < 0.01) and 2.49-fold (P < 0.01), respectively. Under 300 mM NaCl stress, the O
content was gradually reduced after 30 min ( Fig. 2A) .
The H 2 O 2 content also reached the highest level at 30 min, with the increase of 5.56%, 13.66% (P < 0.05), 18.28% (P < 0.01) and 24.46% (P < 0.01), respectively, in the treatments with NaCl at 20 mM, 50 mM, 100 mM and 300 mM (Fig. 2B) .
The changes of O − 2 and H 2 O 2 content in Na 2 CO 3 treatment were similar to that in NaCl treatment, but the ROS content at the burst under Na 2 CO 3 stress was higher than that under NaCl stress (Fig. 2C, D) .
Changes in absorbance spectra of photosynthetic pigments Among all the treatments with NaCl, the reduction of the absorption peaks at wavelength of 413 nm, 433 nm, 457 nm and 663 nm were found only under 300 mM NaCl stress for 12 h and 24 h, indicating that the degradation of photosynthetic pigments had initiated before 12 h (Fig. 3G) .
Under Na 2 CO 3 stress, the absorbance peaks were not markedly changed at 10 mM (Fig. 3B ), but they were declined at 25 mM (Fig. 3D) . In the treatment with 50 mM Na 2 CO 3 , the absorbance peak at 457 nm disappeared after 1 h, while a new peak at 416 nm appeared after 2 h (Fig. 3F) . The shapes of peaks were significantly changed in the treatment with Na 2 CO 3 at 150 mM, and new absorbance peaks at 416 nm, 443 nm and 640 nm were reduced gradually with prolonging the treatment time (Fig. 3H) .
Variations in 4
th derivative spectra When C. reinhardtii cells were stressed by 300 mM NaCl and 25 mM, 50 mM and 150 mM Na 2 CO 3 , absorbance spectra of photosynthetic pigments were changed obviously, so the 4 th derivative of absorbance spectra were performed to distinguish the change of individual pigment. Under 300 mM NaCl stress, xan- thophyll (475 nm) was degraded markedly, and the degradation was enhanced with prolonging the treatment time. Meanwhile, divinyl-pheophytin a (419 nm), divinyl-chlorophyll a (438 nm) and monovinyl-chlorophyll a (663 nm) were also degraded after 12 h (Fig. 4A) .
Under 25 mM Na 2 CO 3 stress, the degradation of divinyl-pheophytin a, divinyl-chlorophyll a, divinylchlorophyll b (468 nm), xanthophyll and monovinyl- Fig. 5 . Photosynthetic ability of C. reinhardtii cells stressed by NaCl (A, C, E and G) and Na 2 CO 3 (B, D, F and H). The cells were killed by Na 2 CO 3 stress at 50 mM and 150 mM after 24 h, so the photosynthetic ability was not determined. CK, control; A and B, Fv/Fm; C and D, qP; E and F, NPQ; G and H, ETR. Data are means of three independent experiments ±SE. chlorophyll a was found (Fig. 4B) . When the cells were treated with 50 mM Na 2 CO 3 , the absorption peaks at 419 nm, 438 nm, 475 nm and 645 nm were moved, indicating that the relevant pigments has been changed.
Meanwhile, monovinyl-protochlorophyllide a (623 nm) and monovinyl-chlorophyll a were degraded gradually, while divinyl-chlorophyll b were degraded completely (Fig. 4C) . The changes of pigments under 150 mM Na 2 CO 3 stress were similar to that under 50 mM Na 2 CO 3 stress (Fig. 4D) .
Changes of photosynthetic ability
The Fv/Fm in C. reinhardtii cells was markedly influenced under NaCl stress. Under 300 mM NaCl stress, it was reduced by 14.33% (P < 0.05) after 1 h and gradually declined within 24 h (Fig. 5A) . Similar effects on Fv/Fm were also found under Na 2 CO 3 stress, and Na 2 CO 3 stress had stronger effects than NaCl stress at the same Na + concentration (Fig. 5B ). In the treatments with NaCl at 20 mM, 50 mM and 100 mM, and Na 2 CO 3 at 10 mM and 25 mM, the qP was decreased remarkably and kept relatively steady. In other treatments, however, it was gradually declined with prolonging the treatment time (Fig. 5C, D) .
Under NaCl stress at 20 mM, 50 mM and 100 mM, and Na 2 CO 3 stress at 10 mM and 25 mM, the NPQ was distinctly enhanced within 24 h, while it was significantly enhanced under other stresses within 1 h and reduced gradually thereafter (Fig. 5E, F) .
The ETR was markedly affected under NaCl stress at 50 mM, 100 mM and 300 mM, and it was decreased by 76.89% (P < 0.01) within 1 h and reduced gradually thereafter under 300 mM NaCl stress (Fig. 5G) . At the same Na + concentration, Na 2 CO 3 stress showed stronger effects on ETR than NaCl stress (Fig. 5H) .
Discussion
In most eukaryotes, the mitochondrial electron transport chain and the peroxisomes are the primary sources of ROS (Brookes 2004) . However, the plant cells contain chloroplasts with an intense electron flow which results in high rates of ROS production (Foyer & Noctor 2005; Shao et al. 2008) . In chloroplasts, O
−.
2 , the byproduct of photosynthetic electron transport, is readily converted into H 2 O 2 through chemical reactions (Telma et al. 2008; Pospíšil 2009 ). Under salt stress, the ROS production is obviously raised and even burst in short time (Brookes 2004; Doyle et al. 2010; Darehshouri & Lütz-Meindl 2010) . In this study, the content of O
−. 2
and H 2 O 2 in C. reinhardtii cells was significantly increased in the treatments with NaCl and Na 2 CO 3 , and the ROS burst was found after 30 min (Fig. 2) .
When unicellular green alga Micrasterias was stressed by 200 mM KCl, the most remarkable increase of H 2 O 2 was detected in chloroplasts though it was also found in mitochondria and cytoplasm (Darehshouri & Lütz-Meindl 2010) , indicating that more ROS was produced in chloroplasts than in mitochondria in algae under salt stress. C. reinhardtii contains one big cupshaped chloroplast which may be the main site of ROS production under the two salt stresses, and these ROS may easily damage photosynthetic pigments and photosynthetic apparatus (Zolla & Rinalducci 2002) .
In higher plants and algae, chlorophylls and carotenoids are essential pigments for photosynthesis in which they have functions for capturing light and transducing it to biochemical energy. Meanwhile, carotenoids also play an important role in preventing photo-oxidative damage caused by the highly reactive byproducts of photosynthesis (Pérez-Pérez et al. 2012) , as the excess light energy absorbed by pigments is dissipated as heat (NPQ) through xanthophyll cycle (Ivanov et al. 2008) . Under severe NaCl and Na 2 CO 3 stresses, the obvious increase of NPQ and decrease of qP suggested that NPQ played a role in dissipation of excess light energy (Fig. 5E, F) . The remarkable reduction and even shape changes of absorbance peaks in the blue area (400-500 nm) in which the light was most efficiently absorbed by carotenoids (Fig. 3D, F, G, H) , as well as xanthophyll degradation (Fig. 4) indicated that carotenoids have been oxidized and even destroyed by ROS in protecting photosynthetic apparatus.
Besides carotenoids, chlorophylls may also be oxidized and destroyed by ROS, as the obvious variations of absorbance peaks happened in whole the absorbance spectrum (Fig. 3D, F , G, H), and divinyl-pheophytin a, divinyl-chlorophyll a, divinyl-chlorophyll b, monovinylprotochlorophyllide a, monovinyl-chlorophyll b and monovinyl-chlorophyll a were degraded markedly (Fig. 4) . At the same Na + concentration, the ROS level under Na 2 CO 3 stress was much higher than that under NaCl stress, which may be the reason for the stronger effects of Na 2 CO 3 stress on photosynthetic pigments than NaCl stress.
It has been reported that salt stress leads to decrease in photosynthetic efficiency (Sayed 2003) and influences chlorophyll content in plant leaves (Fedina et al. 2003; Kahn 2003) . The reduction of Fv/Fm and ETR affected by both NaCl and Na 2 CO 3 stresses was found in this study (Fig. 5) . The absorption peaks of photosynthetic pigments were significantly changed under 300 mM NaCl stress, and 25 mM, 50 mM and 150 mM Na 2 CO 3 stresses, suggesting that the decrease of pigment content and pigment oxidation may be one reason for the reduction of Fv/Fm and ETR.
In the control, the Fv/Fm was 0.68 ( Fig. 5) , which was lower than that in healthy algae (about 0.75-0.8). Peers et al. (2009) reported that NPQ in C. reinhardtii was 0.6 which was determined with Imaging PAM. It is lower than the average value. In this study, we also found low NPQ using Imaging PAM (Fig. 5) . The alga lives in water, but it was in a relative dehydration condition during determination, which may affect the Fv/Fm and NPQ. However, this provided a method using the common chlorophyll fluorescence analyzer used for leaves to analyze the effects of stresses on algal photosynthesis.
Under salt stress, there are losses in chlorophyll protein (47 kDa) and core membrane linker protein (94 kDa) which can attach phycobilisome to thylakoid (Garnier et al. 1994) . Effects of salt stress on cyanobacterium Spirulina platensis show a change in the thylakoid membrane protein profile, and the change leads to the decrease of energy transfer from light harvesting antenna to PS II (Sudhir et al. 2005) . It has been reported that ROS play the main role in the damage of proteins involved in photosynthesis (Zolla & Rinalducci 2002) , which might be another reason for the reduction of Fv/Fm and ETR in C. reinhardtii due to abundant ROS production under the two salt stresses.
Algae use dissolved CO 2 in water (HCO − 3 ) through inorganic-carbon concentrating mechanism (Axelsson et al. 1999) . Lower dose of NaHCO 3 can promote the algal photosynthesis as HCO − 3 is the carbon source (Bhatti & Colman 2011; Huege et al. 2011 ). However, this was not found in algal cells stressed by Na 2 CO 3 , due to the high pH and Na + toxic effects. High pH can reduce algal photosynthetic ability and pigment content, because the dissolved CO 2 in water is limited (Axelsson et al. 1999; Olischläger et al. 2013) . Meanwhile, the depletion of dissolved CO 2 stimulates ROS formation (Sültemeyer et al. 1993 ). Compared to the NaCl stress, Na 2 CO 3 stress induced more ROS production and had more toxic effects on algal photosynthetic pigments and ability, which might be caused by the high pH.
